The transverse momentum spectra of the well-identified produced particles, π + , π − , K + , K − , p,p, K 0 s , Λ,Λ, Ξ − , and Ξ + are analyzed in a statistical approach. From the partition function of grand-canonical ensemble, we propose a generic expression for the dependence of the generic chemical potential µ on the rapidity y. Then, by fitting this expression to the experimental results on the most central p ⊥ and d 2 N/2πp ⊥ dp ⊥ dy, at energies ranging from 7.7 to 200 GeV, we have introduced a generic expression for the rapidity dependence of µ, at different energies, namely µ = a+by 2 , where a and b is constants. We find that the resulting energy dependence √ s NN = c[(µ − a)/b] d/2 agrees well with the statistical thermal models. We also present precise estimations of various types of chemical potentials, µ B , µ S , and µ Q , the baryon, the strangeness, and the charge chemical potential, respectively. PACS numbers: 25.75.Dw, 74.62.-c, 25.75.-q
I. Introduction
The high-energy experiments at the Super Protonsynchrotron (SPS) at CERN, the Relativistic Heavy Ion Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN have collected various evidences for the creation of the partonic matter, the quark-gluon plasma (QGP) [1] [2] [3] [4] [5] [6] [7] . In 1999, first evuidences have been provided by SPS at CERN [1, 2] . The RHIC discovery announced in 2004 confirmed this and also estimated the viscous properties of QGP [3] . LHC [4, 6] in turn confirmed SPS and RHIC discoveries which have been strengthened by STAR-BES, at RHIC energies [5, 7] . These different colliders have different stopping powers.
The chemical potentials associated with each of them vary, as well. A precise estimation for the baryon chemical potential is crucial, especially for mapping out the QCD phase diagram [8, 9] .
Ton this end, the conventional method is the one based on a statistical correspondence between multiplicities of the particles produced from high-energy collisions and thermodynamic quantities estimated in theoretical approaches [10, 11] , such as the statistical thermal models [12] , namely the particle number and their ratios [8, [13] [14] [15] [16] [17] [18] . Recently, an almost-entirely empirical estimation for the full chemical potential has been proposed [19] . This is based on analyzing the transverse momentum distributions of the six well-identified produced particles, π + , π − , K + , K − , p, andp. Deriving a generic expression for the dependence of the full chemical potential, the one combining various quantum numbers, on rapidity y, which is then utilized in reproducing the experimental results of the most central p ⊥ and d 2 N/2πp ⊥ dp ⊥ dy, at 7. 7, 11.5, 19.6, 27, 39, 130, 200 GeV, a generic expression for the y-dependence of µ for the entire set of particle yields, at different energies, could be obtained; µ = a + by 2 . We have also obtained an expression for the dependence of the collision energy on µ, namely
It was found that the proposed approach reproduces excellently the rapidity spectra of various particle yields measured, at different energies.
The present script refines this procedure in the way that additional five particles are combined with, K 0 s , Λ,Λ, Ξ − , Ξ + , i.e. more strangeness contents are added so that the share of the related chemical potential gains significance. We also cover more collision energies. Comparing with ref. [19] , the present calculations improve the precision of the dependence of µ on y and accordingly the entire approach, one one hand. One the other hand, it enables us to estimate various types of chemical potentials.
The present paper is organized as follows. The theoretical approach is discussed in section II. Section III gives details about the results obtained. Also, the dependence of the resulting mass of the particle produced, which depends on both its transverse momentum p T and its mass m T = m 2 + p 2 T . Thus, the proportional constant reads, C = gV (2π) 3 with g is the degeneracy factor and V is the volume of the system
The dependence of the chemical potential µ on the rapidity y could be proposed as [19] ,
It should be noticed that µ sums up all types of chemical potentials related to the various quantum numbers, µ = n B µ B + n S µ S + n Q µ Q + · · · . It is worth highlighting the difficulties of estimating these various types of chemical potentials. For a recent review, the readers are advised to consult ref. [11, 12, 20] . These are mainly constained by various laws conservation and strongly depending on various sophisticated observations. The present work aims at a precise estimation for the full µ as well as for µ B , µ S and µ Q . This can be achieved through a precise estimation for the various components. Relative to ref. [19] , we take into account here more strangeness contents; K 0 s , Λ,Λ, Ξ − , Ξ + , which also brings more electric charges, and cover more collision energies, as well. In our previous work [19] , we have proposed expressions for the dependence of the chemical potential on the rapidity for the well-identified particles, π + , π − , K + , K − , p,p. In the present study, we cover more collision energies and take into consideration more strange particles, K 0 s , Λ,Λ, Ξ − , Ξ + . The generic expression for the dependence of the chemical potential on the rapidity which was proposed in ref. [19] is used here, as well, i.e. it seems to work perfectly for particles with considerable strangeness and electric charge contents, at energies ranging between 7.7 and 200 GeV.
III. Results and discussion
For our calculations, we use measurements for the transverse momentum p T and the transverse momentum distribution d 2 N/(2πp T dp T dy) for each of the eleven particles, at certain collision energy. The results are depicted in Figs. 1, 2 for π + , π − , K + , K − , p,p and K 0 s , Λ, Λ, Ξ − , Ξ + , respectively. These calculations (symbols) have been fitted. The fit parameters are listen in Tabs. I-XI. In these calculations, we assume that the freezeout temperature is 0.165 GeV and keep this fixed for all particles, at the entire range of collision energies. In order to find out how the chemical potential µ depends on the rapidity y, we go as follows.
First, we substitute with the experimental values of p T GeV and d 2 N/(2πp T dp T dy) GeV −2 measured in the most-central collisions [21] [22] [23] [24] [25] , Tabs. I-XI, in Eq. (5) . Second, we draw µ vs.
y as shown in Figs. 1 and 2. Third, we then propose analytical expressions for each of the produced particles with unknown variables a and b which are given in Tabs. I-XI. Fourth, we conclude a general expression for each pair of particle and anti-particle.
For each of the particle pairs, we find that the proposed expression is nearly independent on the collision energies. The various expressions of each particle's chemical potential on rapidity are listed out in Tab. XII, i.e. for the eleven particles there are eleven expressions. The generic (5) in order to estimate the full chemical potential depicted in Fig. 1 are taken from [21] . The fit parameters, namely a and b, are obtained, at m π + = 0.140 GeV and g π + = 1. expression for all particles is the one which was given in ref. [19] , namely
where precise estimations for the parameters a and b are given in Tab. XII.
To judge about the goodness of the proposed expressions for the eleven particles, Tab. XII), we draw the rapidity vs. the center-of-mass energies for each particle (not shown here). Then, we fit these dependences. We get
where c and d are constants depending on the type of the particle.
• For π + : c = 397.87 ± 26.38 GeV, d = −2.173 ± 0.136,
• For π − : c = 398.282 ± 26.32 GeV, d = −2.176 ± 0.135,
• For K − : c = 339.643 ± 39.71 GeV, d = −2.245 ± 0.284, Tab. V: The same as Tab. I but for m p = 0.938 GeV and g p = 2. -24] . For the resulting fit parameters, we use m K 0 s = 0.4937 GeV and g K 0 Then, when substituting Eq. (6) into Eq. (7), we get an expression for the dependence of the rapidity on the center-of-mass energies [19] Figure 3 presents the results obtained from Eq. (6) for the eleven particles compared with the results obtained from the statistical thermal models [26] (solid curve). We observe that all particles agree well with the thermal model calculations. Such an agreement looks better than the one reported in ref. [19] . The improvement comes from the more collision energies considered and the inclusion of more particles with more electric charge and strangeness contents. Tab. X: The same as Tab. VII but for m Ξ − = 1.3217 GeV and g Ξ − = 2 is presented.
In ref. [19] , the results deduced for an ensemble of π + , π − , K + , K − were shown to have an almost identical energy dependence similar to that of the thermal models [26, 27] , while for p andp the energy dependence agrees well, at low energy. At high energies, both have a slightly different energy dependence. In the present calculations, all strange and charged particles seem to agree excellently with the thermal models. We conlcude that our new expressions greatly improve the results obtained in ref. [19] . The least square fits compared with the thermal models for the present results and ref. [19] are listed in Tab. XIII.
The chemical potential parameter µ in thermal model exclusively represents the baryon chemical potential µ B only but here we mean by µ the entire chemical potential components; µ = n B µ B + n S µ S + n Q µ Q , where n B , n S , and n Q are baryon, strangeness, and charge quantum numbers for each particle [20, 28] . The relevant chemical potentials, µ B , µ S , and µ Q refer to the baryon, strangeness, and electric charge chemical potential, respectively. From the well-known quark constituents, the particles considered in this study can be classified as
• for K + and K − , µ = n S µ S + n Q µ Q ,
• for π + and π − , µ = n Q µ Q , • for Ξ + and Ξ − , µ = n B µ B + n S µ S + n Q µ Q .
Another novel result of the present calculations, which greatly distinguishes them from the one reported in ref. [19] , is a distinctive estimation for the various types of chemical potentials
• µ Q = (6.073 ± 1.385) + (10.694 ± 0.323) y 2 ,
• µ S = (1.276 ± 3.061) + (2.247 ± 0.713) y 2 ,
• µ B = (21.571 ± 3.805) + (6.674 ± 0.887) y 2 .
As discussed, any attempt to propose separate estimations for the various types of chemical potentials is constrained by various laws conservation. Here, we have an almost-entirely empirical estimation, i.e. the experimental results are the only inputs needed to estimate any of the various chemical potentials.
We have obtained these estimations as follows. First, we substitute the well-known quantum numbers n Q , n S , n B for π + , K + , p, respectively. Then, from π + , we find that the generic chemical potential is given by one type, the electric charge, i.e. µ = µ Q . For K + and by using the expression just obtained for µ Q , we find that µ could be be related to µ S , only. For µ B , we have substituted the expression just obtained for µ Q into µ for p. When substituting the three types of chemical potential in the remaining particles, at a given y, we get: Approximately, the resulting generic µ agrees well with the combination of the various types of chemical potentials.
IV. Conclusions
Exclusively based on the experimental results on p ⊥ and d 2 N/(2πp ⊥ dp ⊥ dy) for the wellidentified produced particles, π + , π − , K + , K − , p,p, we present an almost-entirely empirical estimation of the corresponding chemical potentials as functions of rapidity [19] . In doing this, we have refined various components introduced in ref. [19] . In the present calculations, we take into account more strangeness contents, where additional K 0 s , Λ,Λ, Ξ − , Ξ + are included in. These particles bring more electric charges and baryon quantum numbers to the ensemble.
Also, we cover more collision energies. This allows us to present for the first time an estimation for the various types of the chemical potentials, namely baryon, strangeness and electric charge chemical potentials as functions of the rapidity.
The main result obtained is a universal approach relating the chemical potential with the rapidity for all produced particles; µ = a + by 2 , where a and b are constants. An excellent agreement was also found, when comparing the energy dependence of the chemical potential; √ s NN = c[(µ − a)/b] d/2 , where c and d are constants to be fixed from phenomenological observations such as the statistical thermal models.
We found that the results obtained agree well with the energy dependence of µ based on the statistical thermal approach for an ideal gas of hadron resonances [26, 29] . In ref. [19] , it was concluded that the results deduced for an ensemble of π + , π − , K + , K − have an almost identical energy dependence similar to the one of the statistical thermal models [26, 27] , while for p and p it was found that the energy dependence matches only, at low energies. At high energies, both particles seem to have a slightly different energy dependence. In the present calculations, we found that all strange and charged particle agree excellently with the statistical thermal models. Such an improvement relative ref. [19] is manifold.
Besides an excellent agreement with the statistical thermal models, the present approach distinguishes between the various types of chemical potential; µ = n B µ B + n S µ S + n Q µ Q , where n B , n S , and n Q are baryon, strangeness, and charge quantum numbers for each of the particles [20, 28] . The present approach presents separate estimations for µ B , µ S , and µ Q , the baryon, the strangeness, and the charge chemical potential, respectively.
